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High-resolution analysis of direct and scattered radiation
in the stratosphere between 175 and 210 nm
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Abstract. Direct and scattered components of solar radiation in the stratosphere are
examined at wavelengths between 175 and 210 nm. Absorption by oxygen in the
Schumann-Runge system is treated exactly using temperature dependent cross sections at a
spectral resolution of 0.5 cm™! (=~ 0.002 nm). Consistent with previous studies employing
spectrally averaged cross sections, the calculated ratio of scattered to direct flux is more
than a factor of 2 smaller than observed below 210 nm. The flux ratio is constrained above
a minimum value at large opacities due to a twilight effect, occurring when the attenuation
of scattered light from overhead paths is not as great as over the slant path of the direct
beam; however, this phenomenon alone cannot account for observations. An improved
description of scattering by O, for wavelengths below 200 nm is presented which includes
effects of incoherent scattering. Use of the revised parameters for oxygen scattering does
not bring the calculated flux ratios into agreement with observations, but does lead to small

changes in the scattered field and O, photodissociation rate below 190 nm.

Introduction

A number of key photochemical reactions in the middle
atmosphere are driven by solar radiation at wavelengths less
than 210 nm. Absorption of radiation by O, in the Herzberg
continuum (A < 242 nm) and Schumann-Runge bands (A <
203 nm) represents the principal means for production of
ozone in the stratosphere and mesosphere [Nicolet, 1971;
Brasseur and Solomon, 1984]. The penetration of radiation
between 190 and 210 nm governs, to a large extent, the pho-
todissociation of several species in the stratosphere, includ-
ing N,O, NO, and chlorofluorocarbon molecules [Froide-
vaux and Yung, 1982] The actinic flux is the quantity that
determines rates for photolysis in the atmosphere Madronich
[1987], containing contributions from both the direct beam
and from scattered solar radiation. Reliable estimates of
rates for photodissociation are thus contingent on the accu-
racy to which the direct and scattered radiation fields are
computed. Unfortunately, for validation purposes there are
relatively few measurements of direct solar radiation below
210 nm in the stratosphere [Frederick et al., 1981; Herman
and Mentall, 1982; Anderson and Hall, 1983, 1986].

Herman and Mentall [ 1982] observed the direct solar beam
and the scattered radiation from six viewing directions at
40-km altitude. The total scattered flux (integrated over
47 steradians) was estimated by logarithmic interpolation
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between adjacent viewing angles. The ratio of the total
scattered flux to the direct flux, a quantity independent of
the solar irradiance above the atmosphere, was found to be
significantly larger than the value calculated by Luther and
Gelinas {1976] for wavelengths less than about 210 nm.
More recently, Lary and Pyle [1991] and Kylling et al. [1993]
compared the results of their radiative transfer calculations to
the observations by Herman and Mentall. They also found
discrepancies below about 210 nm; computed ratios were
smaller than observations by as much as a factor of 3. It was
pointed out that the differences might be related to the use of
spectrally averaged cross sections to approximate complex
absorption features in the Schumann-Runge bands [Herman
and Mentall, 1982; Lary and Pyle, 1991; Kylling et al.,
1993]. Another possibility may be related to the adopted
cross section for molecular scattering at wavelengths less
than 200 nm. It has long been recognized that molecular
polarizabilities, which are related to Rayleigh and Raman
scattering cross sections, may increase significantly when
the frequency of incident radiation is nearly resonant with the
energy required for electronic transitions [e.g., Stone, 1963],
a situation which occurs for 20% of atmospheric scatterers
(oxygen) at wavelengths below 203 nm.

The present work involves a high-resolution treatment of
direct and scattered radiation for wavelengths between 175
and 210 nm. The procedures used for comparison between
theory and experiment are outlined in the following section.
Next, anew calculation of the molecular scattering properties
of oxygen in the Schumann-Runge band region is described.
The final section concludes with a discussion of the impact
of these refinements on the discrepancy between theory and
observations.
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High-Resolution Calculations

The O, Schumann-Runge cross sections used here are
adopted from Minschwaner et al. [1992]. Calculations are
carried out at 0.5 cm~! (about 0.002 nm) intervals, providing
sufficient spectral resolution to capture the narrow features
of spin-split rotational lines in the Schumann-Runge bands.
Cross sections for the Herzberg continuum underlying the
bands are taken from the work of Yoshino et al. [1988].
This combination of Schumann-Runge band and Herzberg
continuum cross sections has been shown to provide good
agreement with cross sections measured in the laboratory
over a range of temperatures and, in addition, allows for
faithful reproduction of the measured attenuation of solar ra-
diation in the stratosphere [Minschwaner et al., 1992, 1993].
Results presented in this section employ cross sections for
molecular scattering according to the formulae presented by
Nicolet [1984]. Mie scattering by aerosols will be neglected
as the focus here is on comparison with observations at 40-
km altitude, well above the height of the main Junge layer
located near 20 km [Rosen et al., 1975]. This issue is ad-
dressed further in section 4. Cross sections for ozone follow
the recommendations of DeMore et al. [1992]. Ozone makes
an important contribution to atmospheric opacity in spectral
regions between Schumann-Runge lines; near 200 nm, ozone
absorption accounts for about 30% of the total optical depth
at 40 km. Finally, vertical profiles for pressure, temperature,
and ozone amount are adopted from the table provided by
Kylling et al. [1993], as measured or inferred by Herman
and Mentall [1982).

The algorithm for molecular scattering is patterned after
the model described by Meier et al. [1982]. The method
employs a source function, S, to solve the integral equation
of transfer

S(r,t, u) = So(7,t, 1)

7(00)
+ -;- I SE ¢, mE (|(r+t) — (7 +¢)|) dr’ (1)
7(0)

where S is the (normalized) specific intensity integrated over
all angles, assuming isotropic scattering and a plane-parallel
atmosphere.
The scattering optical depth, denoted here by 7, is deter-
mined by
7(z) = oM Npm(z) (2)

where o is the cross section for molecular scattering and
N is the vertical column abundance of air molecules above
altitude 2. The optical depth for molecular absorption, t,
must be evaluated differently because absorption cross sec-
tions are temperature dependent:

t(z) = / oo[tfoz(z')noz(Z')+an(z’)n03(z’)] dz (3)

The quantities 0oz and o3 are the absorption cross sections
for oxygen and ozone, respectively; nos and nos denote
corresponding number densities.

The source function given by equation (1) represents a
normalized, monochromatic, actinic flux. The product of
the source function and the solar irradiance at the top of the
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atmosphere provides a measure of the radiative energy input
to a volume element at a particular wavelength. The first term
on the right hand side of equation (1) gives the contribution
from the direct solar beam,

T+1
S,=exp|— — 4
p[ : @

where p is the cosine of the solar zenith angle. The second
term on the right side of equation (1) accounts for scattered
radiation integrated over all angles and altitudes. The angular
integration is contained in the exponential integral function,
Ey(r,t,7",t'). Note that reflection from the ground can be
neglected in this analysis because absorption optical depths
at the surface are very large for this spectral region.

The direct solar flux is displayed in Figure 1 for an altitude
of 40 km and a solar zenith angle of 42°, corresponding to
conditions of the experiment by Herman and Mentall [1982].
Solar fluxes at the top of the atmosphere are specified ac-
cording to measurements from SUSIM [VanHoosier et al.,
1988]. As indicated in Figure 1, the spectral dependence
of the direct flux is dominated by absorption features in the
Schumann-Runge bands. Figure 1 also shows results for
the spectrally degraded flux, obtained by convolution with a
triangular function of halfwidth 0.3 nm. This passband was
chosen to match the spectral resolution of the direct flux mea-
surements by Herman and Mentall, which are also displayed
in Figure 1. The low-resolution calculations are generally
about 10 to 20% higher than the measurements, a result most
likely related to an offset in values for the solar flux at the
top of the atmosphere.

The scattered flux shown in Figure 2 also bears the sig-
nature of the Schumann-Runge bands when viewed at high
resolution. The low-resolution fluxes displayed in Figure
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Figure 1. The direct solar flux calculated at a spectral resolu-
tion of about 0.002 nm (solid curve), and degraded to 0.3-nm
resolution (dash-dot curve). Also shown are the measure-
ments by Herman and Mentall [1982] (circles). The error
bars indicate the magnitude of uncertainty in the measure-
ments. The low-resolution fluxes have been multiplied by a
factor of 10 for clarity.
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Figure 2. The scattered flux integrated over all angles at
0.002-nm spectral resolution (solid curve) and at 2.2-nm res-
olution (dash-dot curve). Radiances measured by Herman
and Mentall {1982] (dotted curves) are scaled to represent
47 steradians. Low-resolution fluxes have been multiplied
by 10.

2 are spectrally degraded to correspond to the resolution
(2.2 nm halfwidth) of the scattered radiances measured by
Herman and Mentall [1982]. Figure 2 shows the measure-
ments obtained from four viewing directions (zenith angles
of 48°, 93°, 138°, and 180°), all scaled to represent 47
st. The observed scattered radiation is nearly isotropic be-
low 210 nm; the scaled results thus provide an indication
of the range of values expected for the angularly integrated,
scattered radiation field. Here we find that the calculations
severely underestimate observed fluxes below about 200 nm.
The ratio of scattered to direct flux is given by

1St wE: ((r+¢t) — (7' +¢)]) dr’

So
(5)

Note that the solar flux does not appear in the expression
for the flux ratio, which depends only on the scattering and
absorption properties within the atmosphere. Calculated val-
ues of R are presented in Figure 3. At high resolution, the
behavior of R follows the Schumann-Runge band structure
because the scattered flux decreases more rapidly than the di-
rect flux for increasing levels of absorption. However, ratios
near the centers of strong absorption lines display an inverted
pattern: at large opacities the scattered flux does not fall off
as rapidly as the direct flux. This effect defines a minimum
ratio which occurs near R = 0.02 for the conditions shown
in Figure 3.

The minimum in R can be interpreted in terms of the
“twilight effect” discussed by Davies [1993], where atten-
uation of tlie scattered flux originating from regions over-
head is not as great as the reduction in direct flux over a
slant path. Consider, for example, an approximate treatment

R(r,t,p) =
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where o, > o) and S = exp[—t'/p]. Under these condi-
tions, extinction of the direct flux is dominated by molecular
absorption and the source function is driven by the direct
beam radiation, corresponding to the case of single scatter-
ing. Furthermore, assume that the scattered field originates
from a thin (scattering optical thickness A7’) layer located
overhead. Neglecting the temperature dependence of O,
cross sections, the ratio of scattered to direct flux is then

3exp [-N'ooz/p] Ei ([N — N'looy) Ar’

E(t ) = exp [-Nooa/ ]

(6)
where N is the vertical column of O; at optical depth ¢ and

N' corresponds to the O, column above the scattering layer.
Letting = N — N', equation (6) can be written

P[22 Biroiar’ ()

Differentiating equation (7) with respect to ¢p» and setting
the result equal to zero, we have

Ei(noo2) — —t—expl-no0a] =0 (8)
noo2
This defines an approximate criteria for a minimum in R. At
a solar zenith angle of 42°, i = 0.74, and equation (8) can be
solved numerically to obtain noo, = 2.6. If the scattering
layer is located near 45 km, then =~ 6.5 x 10?! cm~2 and
002 =~ 4 x 1072 cm?, in agreement with the magnitude of
the cross section where R exhibits aminimum value in Figure
3. According to equation (8) the critical value of the cross
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Figure 3. Ratio of scattered to direct fluxes shown at high
resolution in Figures 1 and 2 (solid curve). The dash-dot
curve shows the flux ratio after both components are spec-
trally degraded to 2.2 nm. Calculations by Kylling et al.
[1993] are indicated by the dashed curved. Observed ratio
[Herman and Mentall, 1982] is shown by the circles, with the
~210% uncertainty indicated by error bars. All low-resolution
ratios have been multiplied by a factor of 10.
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section is expected to be smaller at larger solar zenith angles,
aresult which is verified by the full calculation (equation (1))
for zenith angles greater than 42°,

As discussed earlier, the total scattered flux was deter-
mined by Herman and Mentall [1982] by integrating the
directional radiances over 4 sr, assuming a logarithmic vari-
ation between measurements at six viewing angles. In order
to define the ratio of scattered to direct flux, they degraded
the direct flux measurements to match the 2.2-nm resolution
of the scattered flux measurements. The same method is used
here to determine the low resolution ratios shown in Figure
3. The Herman and Mentall [1982] results and calculations
presented by Kylling et al. [1993] are also indicated. The
new ratios are 20 to 30% larger than values from Kylling
et al. below 205 nm, a result which may be attributed to
the higher resolution employed here. Nevertheless, the cal-
culation still underpredicts the observed ratio by a factor of
2 to 3 below 200 nm. It should be noted the the twilight
effect discussed earlier is concentrated in narrow spectral re-
gions and does not play a significant role in determining the
ratio of low resolution fluxes. Clearly, another explanation
is required and the following section will address this issue
with a detailed analysis of molecular scattering in the 175-
to 200-nm wavelength range.

Scattering Cross Sections Below 200 nm

The scattering cross sections used in the above calculations
are determined from formulae presented by Nicolet [1984],
which are based on a fit to the calculations for nitrogen and
oxygen by Bates [1984]. However, Bates’ analysis did not
extend below 200 nm and the question may arise whether the
scattering cross sections determined from the Nicolet formu-
lae are accurate for these wavelengths. One of the difficulties
associated with determining scattering cross sections for air
below 200 nm relates to the strong absorption by O; in the
Schumann-Runge bands. There are limited measurements
of the refractive index of oxygen in the Schumann-Runge
region [Smith et al., 1976] and no measurements of the de-
polarization ratio for Rayleigh scattering. Here we briefly
outline procedures used to calculate the refractive indices
and depolarization ratios for O;.

The O cross section for Rayleigh scattering at wavenum-
ber v can be expressed as

o, = [%] [n, — 1] [1 + %ey] 9)

where N, is Loschmidt’s number, n,, is the real part of the
refactive index, and €, = |v, /&,,|%. The quantities &, and v,
represent the mean and anisotropic parts of the polarizability,

| 2a+
@, = MTGV (10a)

(10b)

where the parallel and perpendicular components of the dy-

namic polarizability are denoted by al,' and a;. The complex

refractive index, &,, is a function of the mean polarizability
according to

_ 1
711_0/!1_0’1/
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63 —-1= [TL,, + ih‘,,,]2 —1=47N,a, (11)

Finally, the depolarization ratio for Rayleigh scattering
[Young, 1980] is related to the polarizabilities by

6¢,

T 45+ 7., (12)

pv
The Rayleigh scattering properties are thus completely de-

termined by a!l and a;-. These quantities are found by sum-
ming over all dipole allowed electronic transitions [Loudon,
1983],

I e f”
= = 13
% = 3 ma 21: v} —v? —wrl; (132)
3 € 5
1L _ = J 1
W = 3 irme ; v:—v? — il (13b)

where f; ; are the oscillator strengths for transitions 7 and
Js vi,; and I'; , are the associated transition frequencies and

absorption line widths. The notation is otherwise standard.

The approach here involves calculation of a!,l and a} us-

ing a combination of theoretical and experimental results.
For the Schumann-Runge transition X%, — BZ, the
measured oscillator strengths and line widths {Yoshino et al.,
1983; Cheung et al., 1990] are adopted in conjunction with
calculated line positions [Minschwaner et al., 1992]. The
band oscillator strengths are normalized using the appropriate
Honl-London factors [Tatum and Watson, 1971], assuming a
Boltzmann distribution of energies at 250 K. Cross sections
for the Schumann-Runge continuum are taken from the mea-
surements by Ogawa and Ogawa [1975]. An additional con-
tribution to o) arising from the transition X T, — BLjis
estimated based on the results of multiconfigurational time-
dependent Hartree-Fock calculations by Yeager et al. [1981].
Oscillator strengths and frequencies appearing in equation
(13b) (primarily X*Z; — I, transitions) are obtained
also from Yeager et al. [1981].

It is important to bear in mind that the polarizabilities are
generally complex quantities. The imaginary terms are neg-
ligible at frequencies far removed from those associated with
electronic transitions [cf. Dalgarno and Williams, 1962], but
in resonance regions the imaginary parts provide important
contributions to both absorption and scattering. For example,
the absorption cross section is determined by the imaginary
part of the index of refraction according to ¢ = 47vk/N,.
Both components of the index of refraction are related to the
real and imaginary parts of the mean polarizability, @z and
ar, by equation (11)

n? —k?=4rN,ap +1 (14a)

(14b)

The calculated refractivity, n — 1, is shown in Figure 4
along with measurements by Smith et al. [1976]. Differences
between the theoretical results and the observations are less
than 2%. The refractivity displays irregular variations be-
low about 190 nm due to the influence of Schumann-Runge
transitions in vibrational levels above the 5-0 band. As ex-

2nk = 4T N,ag
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Figure 4. Calculated refractivity of O, (solid curve) based
on the mean polarizability, as discussed in the text. Circles
represent measured refractivity [Smith et al., 1976}.

pected on the basis of equations (13a) and (13b), the re-
fractivity increases abruptly near the long-wavelength ap-
proach to strong absorption lines, then decreases on the
short-wavelength side in a region characterized by anoma-
lous dispersion (dn/dv < 0). The same behavior appears in
the calculated values of ¢ plotted in Figure 5.

Scattering cross sections for air are shown in Figure 6,
determined by the weighted contributions from O, according
to equation (9) together with the N analysis by Bates [1984].
Cross sections based on the Nicolet [1984] formulae are also
indicated. Differences between the two curves are due to
effects of O, scattering because the Ny cross sections are
identical in both cases. It is apparent from Figure 6 that the
new scattering cross sections will have a negligible impact
on the calculated ratio of scattered to direct fluxes between
195 and 205 nm, the spectral region where there is significant
discrepancy with the measurements by Herman and Mentall
[1982]. The revised cross sections are significantly larger
below 190 nm, however, particularly near the locations of
Schumann-Runge absorption lines.

A further result of the new analysis pertains to the rela-
tive intensities of Rayleigh and rotational Raman scattering.
Young [1982] discusses this issue in detail. Briefly, the cross
section described by equation (9) includes contributions from
both elastic (frequency unchanged) and inelastic (frequency
shifted) scattering. Elastic scattering consists of an isotropic
component superimposed on the Q branch of rotational Ra-
man scattering, whereas inelastic scattering is associated with
the S branches of Stokes and anti-Stokes Raman lines. The Q
and S Raman branches are incoherent, but the isotropic part
of elastic scattering is determined by the mean polarizability
and corresponds to coherent scattering. The depolarization
ratio, as well as ¢, (equation (12)), provides a measure of
the relative intensities of these components [ Kattawar et al.,
1981]. A value of € = 1.5 implies, for example, that about
20% of the scattered radiation is frequency shifted with re-
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spect to the incident radiation. Inspection of Figure 5 indi-
cates that €, values of this magnitude or larger occur in the
Schumann-Runge region; corresponding values of e for N
are about 0.19 [Bates, 1984], implying that the frequency-
shifted components comprise about 5 to 10% of the total
scattering by air below 190 nm.

An approximate method has been developed in order to
account for these effects in the atmosphere. The approach
involves simultaneous solution of the source function at all
levels and wavenumbers within a specified spectral interval,
as discussed in the appendix. Differences in the scattered
to direct flux ratio below 190 nm are on the order of 5 to
10% in the stratosphere compared to the completely elastic
approximation using the Nicolet formulae. There is, in ad-
dition, a small impact on rates for photolysis of O, (1 to 3%
larger when considering inelastic scattering). The difference
is presumably related to the scattering of available photons
from spectral regions between Schumann-Runge absorption
features to wavelengths occupied by absorption lines.

Discussion and Conclusion

The observations by Herman and Mentall [1982] cannot

~ be explained using a high-resolution treatment of oxygen ab-

sorption and refined estimates for Rayleigh scattering. The
discrepancy between theory and observation is much larger
than the measurement uncertainty reported by Herman and
Mentall [1982]. The present results suggest that the scattered
field below 205 nm arises primarily by single scattering of
the direct solar beam; however, calculated direct fluxes are
in reasonable agreement with the measurements. Thus the
observations, taken at face value, suggest an important omis-
sion in the physics contained in theoretical models.

One process neglected here that could affect the scattered
field is vibrational Raman scattering. Cross sections in this
case are proportional to the derivatives of the polarizabilities.

3.0 T — — — T

e = |y/alf

1.0 .

0.0 1 ! | ! Il
175 190

WAVELENGTH (nm)

205

Figure 5. Square of the ratio of anisotropic to mean po-
larizabilities for O,, calculated using equations (10a) and
(10b).
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Figure 6. Scattering cross section for air (solid curve) based
on calculated O, polarizabilities and the N analysis by Bates
[1984]. The dashed curve shows the scattering cross section
determined by the formulae of Nicolet [1984].

It may be argued that the importance of this process is small,
however, on the grounds that the Stokes (v — v" + 1) con-
tribution should dominate over anti-Stokes (v + 1 — »")
scattering at stratospheric temperatures. This implies that the
vibrational Raman component at wavelength A is determined
by scattering of incident radiation at A — A\, where A corre-
sponds to one vibrational quantum (about 9 nm and 6 nm for
N3 and O, respectively, at 200 nm). Since the direct solar
flux falls off rapidly with decreasing wavelength (Figure 1),
it seems unlikely that the inelastic scattering of photons at
shorter wavelengths could make a significant contribution to
the total scattered field at wavelength A.

As discussed earlier, the effect of stratospheric aerosols
on the scattered flux at 40 km is expected to be small. This
assumption is confirmed by the results of additional calcula-
tions which included aerosol effects. The treatment of Mie
scattering followed the technique developed by Anderson et
al. [1980], and the vertical profile for extinction was adopted
from the extreme volcanic model presented by Fenn et al.
[1985]. The wavelength dependence of extinction by strato-
spheric aerosols is small below 550 nm [Fenn et al., 1985],
and constant values were employed over the range 190 to
210 nm. The asymmetry parameter was fixed at a value of
0.75 [Pollack et al., 1981]. Differences between these cal-
culations and those which neglect aerosol effects were less
than 1% at all wavelengths for altitudes above 35 km, a re-
sult which is consistent with the study by Michelangeli et al.
[1989].

It is of interest, however, to investigate the aerosol ex-
tinction required to reproduce the scattered to direct flux
ratio near 200 nm observed by Herman and Mentall [1982].
The required extinctions are roughly a factor of 100 larger
below 40 km as compared to the extreme volcanic model
of Fenn et al. [1985]; however, the spectral dependence
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of the ratio is still not adequately simulated. As noted by
Kylling et al. [1993], the problem in this regard is due to the
relatively weak dependence of aerosol optical properties on
wavelength. Furthermore, the enhanced levels of extinction
(up to 1072 km™!) are unrealistic, particularly for the pre-
El Chichon conditions of the 1979 observations by Herman
and Mentall [e.g., Russell et al.,, 1984]. It should be noted
that large increases in extinction above 40 km are precluded
by the constraints imposed by the direct flux observations.

What appears to be required to explain the observations
is a scattering agent concentrated primarily below 45 km,
whose scattering efficiency is strongly dependent on wave-
length. Further measurements of the direct and scattered
radiation field in the stratosphere are required to corroborate
the Herman and Mentall results, and to elucidate the pro-
cesses responsible for determining the direct and scattered
radiation fields. Measurement of both quantities at a spec-
tral resolution of 0.1 nm or greater would be particularly
valuable.

Appendix: Inelastic Scattering Computations

Rewriting equation (1) to account for inelastic scattering,
we have
Su(z) = 55(2)

+ 3 [ [ Su(Z)ou—un(2)E; (|Ar,|) d2'dv’ (Al)

2

where o,/ _, represents the cross section for scattering from
wavenumber ¢’ to v, and A7, denotes the extinction optical
depth between altitudes 2z’ and z at wavenumber v. The
integration over v’ extends over the spectral range of the
rotational Raman lines, which is about 200 cm™! including
the Stokes and anti Stokes components [Weber et al., 1967].
Observed line separations are on the order of 11 cm~! forO,
[Weber and McGinnis, 1960] and 8 cm™! for N, [Stoicheff,
1954]. The ensemble of Raman lines is approximated here
by a smooth continuum such that the integrated intensity is
consistent with the sum of the Raman line intensities.

The relationships presented by Kattawar et al. [1981]
between the elastic and inelastic scattering components can
be used to express g,-—,, in terms of the total cross section
defined by equation (9)

(1804 13¢, o

Oy, = (180+526,,) o, ifv =v (A2a)
_ 396y’ e !

Opr—y = (180+52e,,:) o, v #£v (A2b)

where results for a scattering angle of 90° have been applied
over all angles. It simplifies the analysis considerably if we
assume €, = €, and ,» = o,,. Then equation (A1) reduces
to

Su(1) = Sp(7)
+ %fEl (|AT|) dr), [ Su ()M, v)dv' (A3)

where W is related to the quantities in parentheses in equa-
tions (A2a) and (A2b), representing a normalization factor
by which the extinction cross section for scattering (equa-
tion 9) must be multiplied in order to obtain the elastic and
inelastic scattering contributions.
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Equation (A3) can be solved for all values of S,(7) using
standard matrix inversion techniques. For example, neglect-
ing inelastic scattering, solution of equation (1) involves an
M x M matrix, where M denotes the number of model lay-
ers (see the appendix in Meier et al. [1982]). For equation
(A3), the matrix dimension is Q) X @, where @ is the number
of levels times the number of spectral points.
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